Nanoscale a-hemolysin pores can be used to analyze individual DNA or RNA molecules. Serial examination of hundreds to thousands of molecules per minute is possible using ionic current impedance as the measured property. In a recent report, we showed that a nanopore device coupled with machine learning algorithms could automatically discriminate among the four combinations of Watson±Crick base pairs and their orientations at the ends of individual DNA hairpin molecules. Here we use kinetic analysis to demonstrate that ionic current signatures caused by these hairpin molecules depend on the number of hydrogen bonds within the terminal base pair, stacking between the terminal base pair and its nearest neighbor, and 5¢ versus 3¢ orientation of the terminal bases independent of their nearest neighbors. This report constitutes evidence that single Watson±Crick base pairs can be identi®ed within individual unmodi®ed DNA hairpin molecules based on their dynamic behavior in a nanoscale pore.
INTRODUCTION
Atomic force microscopy, laser tweezers and¯uorescence microscopy are established tools for examining single biological macromolecules (1±9). A new strategy has recently emerged in which individual DNA or RNA molecules are captured and examined within a single nanoscale pore formed by the a-hemolysin protein channel using impedance of monovalent ion current as the measured variable (10±20). Instruments based on this principle ( Fig. 1A and B) permit serial examination of unmodi®ed polynucleotide molecules at high speed (16) . Discrimination has been achieved among individual poly(C), poly(A) and poly(U) RNA homopolymers (17) and among individual poly(dA)100 and poly(dC)100 DNA homopolymers (11) . Segments within individual poly(A)30(C)70 RNA block copolymers have also been read (17) based on differences in secondary structure between the purine and pyrimidine blocks. It has been proposed that a more re®ned instrument may permit sequencing of long native DNA molecules at high speed (21, 22) .
We recently used an a-hemolysin nanopore to detect single nucleotide substitutions in duplex DNA using a series of bluntended hairpin molecules (14) . The hairpin stems ranged in length from 3 to 9 bp. A downward trend in current amplitude was observed from~82 pA for a 3 bp stem to~38 pA for a 9 bp stem given an open channel current (I o ) of 120 pA. Beginning with the 8 bp hairpin, but more pronounced for the 9 bp hairpin, individual blockades gated between several discrete conductance states ( Fig. 1C and D) . We used a combination of Hidden Markov Models and Support Vector Machines to analyze these gating patterns (23) , which allowed us to detect the identity and orientation of Watson±Crick base pairs at the termini of individual DNA hairpin molecules.
Here we use kinetic analysis to determine which DNA properties in¯uence the observed sequence-dependent channel gating. Our data indicate that ionic current signatures caused by a given DNA hairpin molecule depend on the number of hydrogen bonds within the terminal base pair, stacking between the terminal base pair and its nearest neighbor, and 5¢ versus 3¢ orientation of the terminal bases, independent of their nearest neighbors. We propose a working model in which the low-frequency current transitions are due to orientation and binding of hairpins in the a-hemolysin vestibule, while the fast current spikes are due to fraying of the duplex terminus and subsequent penetration of one frayed strand into the pore-limiting aperture.
MATERIALS AND METHODS
DNA hairpin design, synthesis and puri®cation DNA oligonucleotides were synthesized using an ABI 392 Synthesizer, puri®ed by PAGE and stored at ±70°C in TE buffer. The sequence of the standard 9 bp hairpin was d(CTTCGAACGTTTTCGTTCGAAG). The base-pairing region is underlined. The prediction that each hairpin would adopt one base-paired structure was tested and con®rmed using the DNA Mfold server (http://www.bioinfo.rpi.edu/ *To whom correspondence should be addressed. applications/mfold/old/dna/), which is based in part on data from SantaLucia (24) .
Formation of a-hemolysin pores in horizontal bilayers
Each experiment was conducted using one a-hemolysin channel inserted into a diphytanoyl-phosphatidylcholine/ hexadecane bilayer across a 25-micron-diameter horizontal Te¯on aperture, as described previously (17) . Seventy microliter chambers on either side of the bilayer contained 1.0 M KCl buffered at pH 8.0 (10 mM HEPES/KOH). Voltage was applied across the bilayer between Ag-AgCl electrodes. DNA was added to the cis chamber at a ®nal concentration of 10 or 20 mM. All experiments were maintained at room temperature (23 T 0.1°C) using a Peltier device.
Data acquisition
Ionic current was ®ltered at 10 kHz bandwidth using an analog low-pass Bessel ®lter and recorded at 20 ms intervals (50 kHz) using an Axopatch 200B ampli®er (Axon Instruments, Foster City, CA) coupled to an Axon Digidata 1200 digitizer. The applied potential was 120 mV (trans side positive) unless otherwise noted. Semi-automated analysis of transition level blockade current and duration was performed using Fetchan 6.01 (Axon Instruments). Fetchan superimposes and records an idealized trace on the data, approximating amplitude and duration of each transition. After setting threshold levels, we used a non-stop level detection mode to measure and acquire events. A change in amplitude was accepted as a transition to another level if it had a magnitude greater than or equal to ®ve times the root mean square (r.m.s.) noise at 10 kHz bandwidth of the original level (25) . Based on a Gaussian distribution of signal noise, the probability that random noise would cause the signal to exceed its r.m.s. by 5-fold was <1%.
Data analysis
Amplitudes for each experiment were determined from a ®rst-order Gaussian ®t to a histogram of at least 1000 events for each level, binned at 0.2 pA/bin. In 1.0 M KCl at 23.0°C, I o was 120 T 3 pA. In unusual cases (<10% of channels), the toggle rate and amplitude difference between conductance states caused by the 9 bp hairpins were measurably different from the representative events shown in Figure 2 . Data from those channels were not included in the analysis. Mean lifetimes were calculated using Clamp®t (Axon Instruments).
To calculate the average lifetime of each state, duration measurements were plotted in semi-log frequency histograms The stick ®gure in blue is a two-dimensional section of the a-hemolysin pore derived from X-ray crystallographic data (27) . A ring of lysines that circumscribe a 1.5-nm-limiting aperture of the channel pore is highlighted in red. A ring of threonines that circumscribe the narrowest 2.3-nm-diameter section of the pore mouth is highlighted in green. In our working model, the four dT hairpin loop (yellow) is perched on this narrow ring of threonines, suspending the duplex stem in the pore vestibule. The terminal base pair (brown) dangles near the limiting aperture. The structure of the 9 bp hairpin shown here was rendered to scale using WebLab ViewerPro. with 20 bins per decade. The minimum duration of a transition that can be accurately measured in a signal is determined by the rise time, T r (~0.33/f c ), which is~33 ms at 10 kHz (26); therefore, durations <40 ms were ignored in this analysis. At least 1000 measurements of duration were used for each plot. Curve ®tting to determine the probability density function was performed using the Levenberg±Marquardt method, with no function weighting. The R 2 value and standard deviation of the function were used to evaluate goodness of ®t.
Molecular modeling
The molecular model of a-hemolysin combined with the 9 bp hairpin shown in Figure 1B was prepared using the crystal structure of a-hemolysin (27) and Chem-Site (28) .
RESULTS
The DNA hairpins examined in this study are shown in Table 1 . Among these are 9 bp hairpins with the four possible combinations of terminal base-pair identity and orientation
. In our nomenclature, the letter before the dot is the 5¢ nucleotide of the single-stranded DNA 22mer that forms each 9 bp DNA hairpin, and the letter after the dot is the 3¢ nucleotide of the same strand. Together, those two nucleotides constitute the base pair at the terminus of the hairpin duplex stem. Current blockade signatures selected from thousands of events caused by each of these four classes of molecules are shown in Figure 2 . Four conductance states are readily observed ( Terminal base-pair identity can be determined by kinetic analysis of dwell times in these conductance states. In particular, the average dwell time in the lower conductance level (LL in Fig. 1C and D) and the frequency of downward current spikes from the lower conductance level (S in Fig. 1C ) are highly dependent upon the presence of a stable base pair at the duplex terminus. This is illustrated in Figure 3 , where neither a 5¢ dC dangling nucleotide nor a 3¢ dG dangling nucleotide alone stabilized ionic current in the lower level (I = 38 pA, I o = 120 pA), whereas both nucleotides together (the C d G pair) did. We reasoned that the presence of any two nucleotides at the terminus of the hairpin stem might account for this current stabilization. However, two weakly paired thymine bases at the blunt-end terminus of a 9 bp hairpin stem resulted in an unstable blockade signature (Fig. 3) , con®rming the requirement for a Watson±Crick base pair to yield a steady lower level conductance. In practice, the LL has the added advantage that transitions to the UL are stochastic, and that one ®rst-order exponential can be ®tted to the dwell time distribution giving a time constant (t LL ) in the millisecond range.
The sensitivity of the lower conductance state to Watson±Crick base-pair identity was tested by measuring Table 1 . DNA hairpins used in this study Primary sequence reads from the 5¢ end at bottom left to the 3¢ end at bottom right. Each hairpin has a 9 bp long stem and a four dT loop. The terminal base pair at the end of each hairpin stem is in close proximity to the pore-limiting aperture when a given hairpin is captured in the a-hemolysin vestibule. Table 2 ). The reverse order is observed for spike frequency ranging from 4 spikes s ±1 (9bpG d C) to 91 spikes s ±1 (9bpT d A). Thus, two kinetic parameters can be used to discriminate among Watson±Crick base pairs on single DNA hairpin molecules, con®rming the pattern recognition results established previously (23) .
One of the more dif®cult base pairs to recognize using conventional hybridization assays is a terminal mismatch, in particular a TG wobble pair. We tested the sensitivity of the nanopore to this mismatch by comparing blockade signatures caused by a hairpin composed of the sequence 9bpT d G with blockade signatures caused by the perfectly complementary sequences 9bpC d G and 9bpT d A (Fig. 2) . In this experiment, all individual blockades that exhibited the characteristic four current level signature could be identi®ed as one of these molecules. Quantitative examination of the data revealed that spike frequency was the key diagnostic parameter: there was a signi®cant difference between spike frequencies caused by each of the three termini, i.e. 12 spikes s ±1 (9bpC d G), 91 spikes s ±1 (9bpT d A) and 1400 spikes s ±1 (9bpT d G) ( Table 2 ). In contrast, t LL values were statistically different between 9bpT d G and 9bpC d G termini, but not between 9bpT d G and 9bpT d A termini (Table 2 ). It appears that t LL values plateau in the low millisecond time range.
It was important to determine whether the rankings of spike frequency and t LL correlated with conventional estimates of terminal base-pair stability. Table 2 lists free energy values for terminal base pairs (DDG°2 3 ) calculated using the online computational tool Mfold (http://www.bioinfo.rpi.edu/ applications/mfold/old/dna/), which is based on a nearest neighbor model of duplex stability (24) . This model is particularly strong because it considers data from seven independent studies (29±35). In Table 2 , the DDG°2 3 values are the difference between the free energy of duplex formation for a given 9 bp hairpin and the free energy of duplex formation of a common 8 bp core hairpin sequence at 23°C. Among Watson±Crick base pairs, DDG°2 3 values ranged from ±1.9 kcal/mol for 9bpG d C to ±1.2 kcal/mol for 9bpA d T. DDG°2 3 for the T d G wobble pair was calculated to be ±0.3 kcal/mol. In general, the rank of spike frequency and t LL correlated with DDG°2 3 ; however, the correlation is imperfect in that the expected order of 9bpT d A and 9bpA d T was reversed.
Hydrogen bond and base stacking each in¯uence t LL and spike frequency
Having established a general correlation between the nanopore data and classical measures of base-pair stability, we determined whether non-covalent forces that contribute to DNA duplex stability could be discerned. Forces that stabilize DNA duplexes include hydrogen bonding between bases, and base stacking. Forces that destabilize DNA duplexes include hydrogen bonding between water molecules and nucleotide bases, and electrostatic repulsion between phosphodiester anions in the DNA backbone. Steric effects may stabilize or destabilize the duplex depending upon sequence context (36) . Initial inspection of the data in Table 2 suggests that hydrogen bonding plays a signi®cant role in spike frequency and t LL : i.e. terminal base pairs that are known to form three hydrogen bonds when paired (5¢-G d C-3¢ and 5¢-C d G-3¢) have lower spike frequencies and greater t LL values than terminal base pairs that form two hydrogen bonds when paired (5¢-
To test directly the in¯uence of hydrogen bonding on these kinetic parameters, we compared current signatures caused by 9bpT d A with those caused by a hairpin with a di¯uorotoluene (F)/adenine terminus (9bpF d A). Di¯uorotoluene is a good structural mimic of thymine (36, 37) that is recognized by DNA polymerases despite the presumed absence of hydrogen bonding to paired adenines (38, 39) . Blockade current signatures are illustrated in Figure 5 . Reduction of hydrogen bonding by the T d A®F d A substitution caused destabilization of the lower conductance state re¯ected in a decreased average dwell time in that state (t LL = 2 ms) and an increased spike frequency (290 T 10 s ±1 ) relative to the T d A control ( Table 2 ).
The data in Table 2 also indicate that orientation of the bases in the terminal pair in¯uences spike frequency and t LL : i.e.¯ipping the terminal base pair so that a purine is on the 5¢ side and a pyrimidine is on the 3¢ side (9bpC d G®9bpG d C and 9bpT d A®9bpA d T) consistently increased t LL and decreased spike frequency. Among Watson±Crick base pairs, the size of this effect equals or exceeds the effect of increasing the hydrogen bond number ( Table 2) . Classical thermodynamic studies suggest two possible explanations: (i) stacking forces with the neighboring base pair are altered when the terminal base pair is¯ipped (24, 33) ; and (ii) stacking of bases at the 5¢ position of a duplex can be different from those at the 3¢ position independent of the neighboring base pair (40) . A third possible explanation is that the terminal nucleotide on the 3¢ or 5¢ side of the duplex stem interacts with an amino acid in the vestibule wall and that this interaction is nucleotide dependent.
To test the ®rst explanation, we compared t LL for the standard 9 bp hairpins containing the four possible Watson± Crick termini (Table 1, (Table 3) . Conversely, 9bpA d T was the most stable of the thymidine/adenine termini with t LL equal to 43 ms. By making the same alteration of the neighboring base pair as in the previous experiment, 9bp(TA)A d T®9bp(AT)A d T, t LL decreased to 30 ms. Thus, stacking against the neighboring base pair did account for some of the stability difference associated with orientation of the thymine/adenine termini. The independent effect of placing adenine at the 5¢ position was also important by inference. For the guanine/cytosine termini, the outcome was different (Table 3) . In those cases,¯ipping penultimate base pairs did not signi®cantly in¯uence t LL . Thus, the 3-fold difference in t LL for 5¢-G d C-3¢ versus 5¢-C d G-3¢ is due to an end-speci®c effect independent of the neighboring base pair. Importantly, the general trend in spike frequency correlated with calculated terminal base pair stability even when the penultimate base pair was reversed (Fig. 6 ).
DISCUSSION
The main point of this study is that kinetic analysis can be used to discriminate between Watson±Crick base pairs at the termini of individual DNA hairpin molecules captured in a nanoscale pore. The orientation of each terminal base pair is also distinguishable, i.e. 5¢-G d C-3¢ versus 5¢-C d G-3¢ and 5¢-A d T-3¢ versus 5¢-T d A-3¢. Calculated base-pair stabilities correlate reasonably well with the kinetic properties we Table 3 . Effect of penultimate base-pair orientation on t LL for 9 bp hairpins with different Watson±Crick base-pair termini and orientations Penultimate base pair
Values shown represent mean T SE for at least three different individual channels. Experimental conditions are described in Materials and Methods. Figure 5 . Effect of di¯uorotoluene (F) substitution for thymine (T) on blockades caused by 9 bp hairpins. The blockade signature at the top is caused by a 9 bp hairpin with a 5¢-T d A-3¢ terminus (9bpT d A in Table 1 ).
The blockade signature at the bottom is caused by a nearly identical 9 bp hairpin in which the 5¢ thymine is replaced by di¯uorotoluene (9bpF d A in examined (Tables 2 and 3 ; Fig. 6 ), however the correlation is imperfect. For example, the expected order of 9bpT d A and 9bpA d T based on Mfold stabilities was reversed for the nanopore data. Possible explanations for this discrepancy include uncertainty surrounding the predicted stability of terminal 5¢-A d T-3¢ and 5¢-T d A-3¢ pairs (24, 33) , and limits on the precision of optical melting curves that underlie the free energy calculations. We also note that t LL and spike frequency are likely to be in¯uenced by the electric ®eld, and by interactions between the duplex terminus and amino acids in the vestibule wall. The magnitude of these effects could be sequence dependent, thus altering the stability ranking in the nanopore assay relative to a bulk solution assay. Our data support the premise that hydrogen bonding between bases and base stacking each in¯uence stability of the terminal base pair captured in the pore. However, in practice it is dif®cult to quantitatively separate these two properties. This is illustrated by comparing the TG wobble pair and the CG Watson±Crick base pair. In substituting a 5¢ thymidine for a 5¢ cytosine at the 9 bp hairpin terminus, the hydrogen bond number is reduced from three to two, but stacking energy is stabilized by ±0.1 kcal/mol as shown by melting curves for DNA duplexes with dangling ends (40) . Although small, this change in stacking energy is comparable to calculated differences in DDG°2 3 between some of the terminal base pairs in Table 2 . Thus, the change in blockade signature associated with the CG®TG terminal substitution results from the combined effect of added stacking stabilization due to thymine and destabilization due to loss of hydrogen bond energy. Competing effects are also likely when the thymine in the terminal TA base pair is replaced by di¯uorotoluene (9bpTT/AA®9bpFT/AA). This isostere would be an ideal tool to assess the in¯uence of hydrogen bonding on t LL and spike frequency; however, di¯uorotoluene is non-polar and its stacking interaction with neighboring bases stabilizes the duplex by ±1.5 kcal/mol relative to thymine (41) . Thus, the blockade signature due to 9bpT d A®9bpF d A (Fig. 5) is a conservative measure of destabilization due to loss of hydrogen bonding because it is partially offset by increased stacking stability.
We have developed a working model to explain the current transitions caused by hairpin capture (Fig. 7 ). Because this model includes DNA interaction with the pore wall and with the electric ®eld, it predicts that dynamic properties of DNA base pairs measured in the a-hemolysin pore (e.g. fraying) will differ somewhat from those dynamic properties in bulk phase. In our model, each 9 bp hairpin is captured so that the terminal base pair can interact with amino acids in the vestibule wall near the limiting aperture formed by lysine 147 and glutamate 111 of a-hemolysin. Circular dichroism assays (data not shown) indicate that the 9 bp hairpin stem is a B-form duplex in bulk phase. The length per base pair of B-form DNA is 3.4 A Ê , therefore the total stem length would be 30.6 A Ê . The distance between the narrowest part of the vestibule mouth at threonine 9 and the pore-limiting aperture at lysine 147/glutamate 111 is 33 A Ê . Therefore, if the hairpin loop is perched at the ring formed by threonine 9, the 9 bp stem would reach at least within 3 A Ê of the limiting aperture. Given our uncertainty about the exact position of the hairpin loop, and the ®nite precision of the a-hemolysin X-ray crystal structure [1.9 A Ê (27)], the estimated position of the hairpin terminus is probably accurate within T1 bp or T3.4 A Ê .
Upon capture of a 9 bp blunt hairpin, the IL state is caused by orientation and immobilization of the hairpin terminus due to an electrostatic interaction between the terminal base pair and residues in the vestibule wall (Fig. 7A) . The dwell time, t IL , for this intermediate conductance state is largely independent of base-pair identity or orientation (data not shown), presumably because the bases are hydrogen bonded to one another and the interaction with the surface is electrostatic. The IL state invariably transitions to the upper conductance state, UL (Fig. 7B ). In the model, this state corresponds to desorption of the terminal base pair from the protein wall and thermal motion of the hairpin stem in orientations that allow greater ion current¯ow through the limiting aperture. These orientations may be angular displacement of the hairpin terminus away from the limiting aperture, or azimuthal orientation of the molecule allowing ion current to¯ow along the major groove of the duplex stem.
From the UL conductance state, the hairpin may return to the IL state or it may transition into a third conductance state, LL (Fig. 7C) . Residence time in this state is dependent upon terminal base-pair identity and orientation. In this state, we hypothesize that one or both terminal nucleotides of the duplex stem are adsorbed to the protein in close proximity to the pore-limiting aperture. Thus, the terminal base pair interacts strongly with the ion current through the limiting aperture. When the duplex end frays from this bound state (Fig. 7D) , one strand may extend and penetrate the limiting aperture resulting in a transient spike (Fig. 7E) . Figure 6 . Correlation between the stability of hairpin terminal base pairs and the frequency of downward current spikes. Terminal base-pair stabilities used are DDG°2 3 values calculated by taking the difference between the free energy of duplex formation for a given 9 bp hairpin and the free energy of duplex formation of the appropriate 8 bp core hairpin sequence. These free energy values were calculated using Mfold, assuming 23°C and 1 M salt. 
CONCLUSIONS
The use of nanopores to characterize single nucleic acid molecules has grown substantially since the strategy was ®rst reported in 1996 (16) . This report demonstrates that impedance of ionic current through a nanoscale pore formed by a-hemolysin can be used to read the identity and orientation of single Watson±Crick base pairs. Nanopore technology may have practical uses for DNA analysis, including high speed sequencing (21, 22) .
